By reexamining 10 previously published "universal" PCR assays using the ARB phylogenetic software package and database with 41,000 16S rRNA gene sequences, we found that they differed considerably in their coverage of the domain Bacteria. We evaluated the broadest-range real-time quantitative PCR protocol for its efficacy in measuring the antimicrobial effects of endodontic treatments.
Bacteria in a tooth's root canal both initiate and perpetuate periapical inflammatory lesions (7) . Thus, the principal goal of root canal treatment is to reduce the number of bacteria (1); conversely, the principal cause of treatment failure is considered to be the residual bacteria in the apical part of the root canal (18, 24) . To evaluate the efficacy of any antimicrobial therapy, it is therefore important to determine the total number of bacteria in the root canal before and after treatment. For the enumeration of bacteria, the real-time quantitative PCR (RTQ-PCR) technology represents a promising alternative to the traditional but time-consuming and error-prone cultivation approach. However, the microbiota involved in endodontic infections is not a predefined group of pathogens but makes up a complex, dynamic, and varying consortium of many oral bacterial species (5, 22, 23) . Thus, any RTQ-PCRbased evaluation of an endodontic treatment ideally should be able to measure the entire bacterial load without missing certain taxa. While several PCR-based pitfalls due to cell lysis techniques or PCR conditions have been reported (31) , the universality of "universal" PCR primers has been less fully evaluated. Numerous broad-range 16S rRNA gene-directed primers and probes have been developed with the intention of targeting all bacteria present in clinical or environmental samples (10, 21, 26) ; to this end, the quality of PCR assays is usually confirmed by testing representative species of a wide range of bacterial taxa. However, since it is impossible to empirically test all bacterial strains it cannot be proven whether those PCR assays considered to be universal actually encompass the entire bacterial spectrum. For example, some evidence exists that even the prominent pair of primers, "27F" and "1492R" (32) , which target highly conserved regions of the 16S rRNA gene, are not completely universal (3, 20, 28) . For every PCR-based assay for the detection of bacteria in clinical samples in general and for the enumeration of endodontic bacteria in particular, it is therefore crucial to know the taxon coverage of the PCR system used. We addressed this issue by evaluating in silico 10 previously published broad-range 16S rRNA gene-directed PCR assays using the most updated ARB database (13) . ARB is a graphically oriented software package that comprises various tools for database handling and sequence analysis. The special advantage of ARB is the development of a structured database of more than 41,000 validated 16S rRNA gene sequences in an aligned format that includes all recognized division-level lineages of the domain Bacteria. The high number of interacting software tools integrated in ARB permits not only a general probe evaluation against all sequences but also a disclosure of all phylogenetic groups (including clinically relevant taxa) that are not covered.
Using the function "probe match" in ARB, we determined for each assay the proportion of 16S rRNA gene sequences that perfectly matched with the primers and, if given, with the hybridization probe (Table 1) . Although the site and the type of a mismatch are not equally critical for successful amplification in every case, the mere presence of a mismatch can lead to a biased retrieval of different 16S rRNA gene sequence types in a multitemplate PCR assay (25, 31) and, ultimately, to inaccurate quantification. Therefore, we considered only perfect matches (i.e., no mismatch between probe and target DNA) for estimating the "universal" capacity of the PCR assays. Using these criteria, we observed significant differences among protocols, as seen in Table 1 VOL. 43, 2005 NOTES 5333 cation and probe hybridization (i.e., 74% and 63%, respectively). However, as is evident from Table 2 , no PCR protocol includes all taxonomic groups (i.e., phyla), and among themselves, the protocols vary strongly in their individual coverage. For example, although it is superior to all the other assays, the protocol of Nadkarni et al. (17) covers the phyla chlamydiae and spirochetes only poorly (Table 2) , with the latter phylum including such clinically relevant genera as Treponema and Borrelia. These data reflect the difficulty of designing a broadrange protocol which would evenly cover all taxonomic groups. Because a "perfect" universal assay is lacking, we focused on the protocol of Nadkarni et al. (17) as the one that came the closest to being perfect (according to overall coverage) and whose general methodological characteristics (e.g., reproducibility and sensitivity) had been extensively validated (11, 15, 17) . Since to our knowledge the RTQ-PCR technology has not so far been applied to the field of endodontics, our aim was to test the protocol of Nadkarni et al. (17) for its principal applicability in quantifying endodontic bacteria. To accomplish this, we measured the bacterial load before and after applying two different intracanal irrigating substances. Thirty-two patients who presented for root canal treatment at the Piracicaba Dental School and who were otherwise healthy and who had not received antibiotic treatment during the previous 3 months were selected for this study. Their ages ranged from 19 to 63 years. All teeth selected were uniradicular and asymptomatic, did not respond to sensitivity testing, had not received previous endodontic treatment, and showed radiographic evidence of periapical bone loss. The teeth were randomly divided into two treatment groups: the 2.5% NaOCl (group 1, n ϭ 16) and the 2% chlorhexidine (CHX) gel (group 2, n ϭ 16). The irrigating substances were prepared according to Vianna et al. (29) .
Access to the pulp chamber and sample collection (before and after endodontic procedures) were performed by the protocol described by Jacinto et al. (6) . The initial samples were collected and transported to the laboratory within 15 min. Aliquots (100 l) were immediately processed for culture analysis, while 900 l was frozen (Ϫ70°C) for later molecular analysis. The working length (1 mm from the radiographic apex) was established with a radiograph and was confirmed with an apical locator (Novapex; Forum Technologies, Israel). The apical preparation was performed by using K files (DYNA-FIDM, Bourges, France), followed by the use of Step-Back preparation. In the first group, the root canal was irrigated with 5 ml of 2.5% NaOCl after each filing; and in the second group, the root canal was irrigated with 1 ml of the CHX gel and immediately after with 4 ml of physiological saline solution. The working time for the chemomechanical procedure was 20 min for all cases. Before collection of the second sample, the root canal was rinsed for 1 min with 5 ml of irrigating neutralizers (for the NaOCl group, 0.5% sodium thiosulfate, 0.5% Tween 80, and 0.07% lecithin). The time that elapsed for the subsequent processing of the second samples was identical to the time required for the initial sample set (see above). Finally, all teeth were filled and the access cavities were restored with a Numbers indicate the proportion of 16S rRNA gene sequences within the particular phylum that showed a perfect match with both the forward and the reverse primers; underlining indicates the proportion of perfect matches with both primers and the detection probe. The assignment of sequences from uncultured bacteria to the indicated phylum was based on the topology of the universal tree implemented in ARB.
b For the protocol of Klaschik et al. (9), underlined values within the actinobacteria and the firmicutes were retrieved by testing with the gram-positive organismspecific probe; all other phyla were tested by use of the gram-negative organism-specific probe. In order to determine the RTQ-PCR-measurable scale of bacterial reduction, we used both the SYBR green and the TaqMan formats (i.e., SYBR green PCR master mix and TaqMan PCR master mix, respectively; Applied Biosystems). The PCR conditions used were different for both assays: (i) for the TaqMan format, denaturation at 94°C for 10 min and 40 cycles of 94°C for 1 min and annealing at 60°C for 1 min and 45 s; (ii) for the SYBR green format, denaturation at 94°C for 10 min and 40 cycles of 94°C for 1 min, annealing at 60°C for 1 min, and elongation at 72°C for 1 min and 30 s, followed by a final elongation at 72°C for 5 min. Melting curve analysis was performed to assess reaction specificity. RTQ-PCR was performed with the aid of an ABI-PRISM 7000 sequence detection system (Applied Biosystems, Foster City, Calif.) by using optical-grade 96-well plates. Samples were run in duplicate in a total volume of 25 l. Final reaction mixtures contained 100 nM of each primer and 2 l of template DNA (approximately 50 ng of template DNA). Data acquisition and subsequent analysis were performed with ABI-PRISM 7000 SDS software (Applied Biosystems). DNA extracted from Prevotella nigrescens ATCC 33563 was used to establish the standard curve, based on a series of 10-fold dilutions. The bacterial load was quantified by determining the cycle threshold (C T ), i.e., the number of PCR cycles required for the fluorescence to exceed a value significantly higher than the background fluorescence. We assumed a threshold value of 0.2, which was approximately 10 times the background fluorescence, defined as the mean fluorescence values of the first 6 to 15 PCR cycles. Since there is an inverse linear relationship between the logarithm of the initial bacterial DNA load and the corresponding C T value, the change in the C T value (⌬C T ) from before and after chemomechanical preparation of the root canal gives a first estimate of the bacterial reduction and, thus, of treatment efficacy. The mean ⌬C T determined by the SYBR green format in the NaOCl treatment group was 9.70, whereas it was 8.91 by the TaqMan assay (Table 3 ). In contrast, the mean ⌬C T determined by the SYBR green format in the CHX gel treatment group was only 3.45, whereas it was 4.61 by TaqMan analysis. These values could indicate a better bacterial clearance in the NaOCl group. It is important that determination of the precise cell number of a multispecies bacterial population is complicated by the wide range of rRNA operon numbers among different bacterial taxa (range, 1 to Ն10) (4, 17) . The numbers (bacterial loads) calculated here are therefore referred to as "rRNA gene copy numbers," since the ratio between rRNA genes and cells is unknown. The individual bacterial load differed considerably among samples, ranging from 3.2 ϫ 10 3 to 1.2 ϫ 10 8 rRNA gene copy numbers before treatment and from "negative" to 9.6 ϫ 10 6 rRNA gene copy numbers after endodontic treatment (Table 4 ). In the CHX gel treatment group, the SYBR green-and the TaqMan-based detection formats led, with a few exceptions (samples C6 and C7), to similar results, which is in accordance with previous findings (14) . In the NaOCl treatment group, however, we observed a posttreatment trend toward lower gene copy numbers when we used the SYBR green format. This might largely be due to the SYBR green-specific effect on impairment of PCR efficiency (19) , which becomes more relevant with low template concentrations. Irrespective of the individual bacterial load, the antimicrobial reduction within treatment groups was largely consistent in both the SYBR green and the TaqMan analyses. While the microbial reduction in the NaOCl treatment group was in most cases greater than 99% (for the SYBR green format, mean of 99.64% and median of 99.99%; for the TaqMan format, mean of 94.23% and median of 99.63%), we observed a much lower microbial reduction in the CHX gel treatment group (for the SYBR green format, mean of 82.91% and median of 96.62%; for the TaqMan format, mean of 86.62% and median of 96.60%). This difference between the two treatment groups was statistically significant by the nonparametric Mann-Whitney test (P Ͻ 0.01). We also determined the bacterial load by parallel plate counting. In the initial samples, the numbers of CFU ranged from 4 ϫ 10 2 to 1 ϫ 10 6 , with a median of 3.2 ϫ 10 5 CFU. In contrast, the CFU counts in the posttreatment samples declined drastically to a median of 0 (range, from 0 to 6.8 ϫ 10 2 CFU). While a direct comparison between the cell numbers retrieved by counting the numbers of CFU and the gene copy numbers determined by RTQ-PCR is not possible, the scale of microbial reduction can be compared since it is proportional to the initial values measured. The bacterial reduction determined by parallel cell counting was similar in both treatment groups (for the CHX gel group, mean of 99.6% and median of 99.9%; for the NaOCl group, mean of 99.9% and median of 100%).
Thus, the difference between the treatment groups was much more pronounced when the reduction was measured by RTQ-PCR. This assay detects not only noncultivable species but also, to a certain extent, dead cell debris, a risk factor for a successful clinical outcome (16) . The most broad-range RTQ-PCR might therefore be a valuable, complementary tool for the monitoring of anti-infective therapies.
In conclusion, assessment of the total bacterial load in a sample by universal PCR will certainly have an increasing impact on future microbiology, and important formats will be RTQ-PCR and PCR-based microarrays for diagnostic purposes (30) . We have shown that the universal PCR assays published previously might potentially detect only a small to medium proportion of the bacterial 16S rRNA gene sequences included in ARB. Therefore, every user of a PCR protocol should first ensure its relevance for its intended application by retesting the probes and primers for covering the most important or dominant species in a particular sample. Even then, the results should be interpreted carefully, since the problem of finding a true universal PCR assay that reliably and invariably detects all bacterial species present in complex samples remains unresolved.
